The behavior of liquids separated by a single graphene membrane has been studied with extensive molecular dynamics ͑MD͒ simulations at ambient conditions. With the help of appropriate empirical potentials, we have exploited two liquid phases forming distinct systems; say XGY, where G stands for graphene and X ͑Y͒ represents water ͑W͒, benzene ͑B͒, or acetonitrile ͑A͒. Our MD simulations revealed important changes in the wettability patterns of these liquids near the graphene surface. For instance, WGW exhibits strong density oscillations in a thin interfacial region with thickness of ϳ2.4 nm. In the case of BGB and AGA the oscillating-density interfacial region extends beyond ϳ3 nm and ϳ5 nm, respectively, under ambient conditions. More interestingly, our findings indicate that a liquid at one side of the graphene sheet can affect the degree of wetting on the other side, by means of dispersion interactions through the graphene membrane. These systems can offer a useful framework to understand the structural as well as thermodynamic properties of interfaces by considering a real two-dimensional substrate.
I. INTRODUCTION
Graphene membranes with macroscopic size have recently been fabricated and found to be firm and difficult to bend. 1 In this sense, samples of these two-dimensional carbon films are thought to be used in much different experimental arrangements.
2 Because of the unexpected stiffness of graphene crystals, Booth et al. 1 have proposed that a monolayer can be used as an ideal support for atomically resolved experiments. Also, as demonstrated by Bunch et al., 3 a graphene sheet is impermeable to gases, including helium, and can support pressure differences higher than 1 atm ͑see for example MD simulations in Ref. 4͒ . On this basis, we idealize a device where a monolayer graphene membrane could be used to separate two distinct liquid media. This corresponds to the thinnest possible membrane that is composed of a single layer of atoms. Due to its reduced thickness, it should present properties that are not observed in normal membranes, but that should be taken into account when using it for this purpose. Recent reports have also shown unusual effects when a graphene membrane is exposed to different mediums in each of its sides. 5 We present results from extensive molecular dynamics ͑MD͒ simulations, revealing the frontier behavior for different liquids separated by this two-dimensional ͑2D͒ membrane. Regarding both the chemical and mechanical stability of graphene, future experiments will allow a microscopic understanding of the structures of liquids near graphene interfaces. 6, 7 The microscopic description of liquids separated by a membrane is of great interest in physical, chemical, and biological sciences. The main problem is saying how the molecules of the separated medium interact with the constituents of the membrane and how the molecules can induce interactions in the liquid molecules on the other side of the membrane. This characterizes an interesting interface problem, 8 since it involves a triphasic medium ͑XGY͒, where X represents the liquid at one side of graphene ͑G͒ and Y the liquid at the other side. In these systems there might be interactions between X and G, G and Y, and also between X and Y, since graphene is a one atom thick membrane. For instance, recent first-principles calculations 9 have demonstrated that water adsorbates on graphene can change the electronic properties of a SiO 2 substrate. Thus, to better understand this kind of systems we need experiments seeing in a scale of "few" atoms and theories properly treating a large-scale many-particle problem. A useful characterization of solvated membranes is often done by using phenomenological concepts of hydrophobic and hydrophilic walls. 10, 11 Theoretically, this problem has successfully been treated by performing computer simulation studies. [12] [13] [14] Diverse theoretical studies on liquid structuring and ion binding at the interfaces with polar and nonpolar walls have been carried out by using classical MD simulations. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] In this line, the interfacial behavior of polyelectrolyte backbones in contact with graphene substrates has been examined. 26, 27 A more detailed understanding of the interaction between a liquid phase and graphene was recently given via ab initio MD ͑AIMD͒ simulations. 28 This study revealed strong water density oscillations, typical of liquids near a hard wall. More interesting, the structural properties of interfacial water between graphene sheets calculated with AIMD simulations have been shown to give similar patterns to those obtained with classical MD simulations, depending on a suitable choice of intermolecular potential models. 28 Despite the success of classical MD simulations in describing a watergraphene interface, the structure of different liquids separated by a single graphene membrane has not yet been inves- In this paper we give attention to the dynamic, structural, and electrostatic behavior of liquids separated by a single graphene sheet at ambient conditions based on classical MD simulations. We analyze the translational motion and diffusion, density, and electrostatic profiles, as well as the average orientation of the interfacial molecules, for water ͑a protic and polar medium͒, acetonitrile ͑an aprotic and polar medium͒, and benzene ͑an aprotic and apolar medium͒. Thus, we assess the impact of a graphene sheet in the liquid separation involving similar or distinct phases. We investigate how the presence of graphene induces changes in the densities of the two separated liquids, forming an extended interfacial region ͑including the graphene sheet͒. By calculating the mass and charge densities of every component as a function of the direction perpendicular to the graphene surface, it is possible to evaluate the interfacial changes for the separated systems. Furthermore, the diffusion properties parallel and perpendicular to the graphene sheet can indicate how the viscosity of these fluids changes as separated by a very thin membrane. In this sense, the present simulations can offer a useful framework to understand structural and thermodynamic properties of interfaces by considering a realistic 2D substrate, instead of defining it as a flat hard wall.
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II. MODELS AND METHODS
In our MD simulations we have employed a single graphene sheet ͑G͒ to separate two liquid phases ͑X and Y͒ forming six distinct XGY systems, where X and Y can be water, acetonitrile or benzene ͑see Fig. 1͒ . These are given as follows: water-graphene-water ͑WGW͒, acetonitrilegraphene-acetonitrile ͑AGA͒, benzene-graphene-benzene ͑BGB͒, acetonitrile-graphene-water ͑AGW͒, benzenegraphene-water ͑BGW͒, and benzene-graphene-acetonitrile ͑BGA͒. ͑See Ref. 29 .͒ For the water-graphene interactions, there are several Lennard-Jones ͑LJ͒ potentials developed to reproduce the wetting properties of graphite and carbon nanotubes. [30] [31] [32] [33] [34] Thus, we have chosen a useful C-O hydrophobic potential proposed in Ref. 31 for water between graphite plates ͑see Ref. 29͒ . This choice is also important for future investigation of the present systems in the presence of an electric field. For the acetonitrile molecules, we have used a six-site model 35 that can reproduce in good agreement diverse properties of the liquid ͑e.g., the experimental density is reproduced within 4%͒. Similarly, in the case of benzene, an allatom model developed to describe the aromatic-aromatic interactions of pure liquid benzene and the benzene dimer in solutions 36 was utilized here. It is important to note that the potential models of acetonitrile and benzene contain partial charges, which are very important for the description of the electrostatic profiles and short-range order effects. Thus, the liquid-graphene interactions were modeled by appropriate LJ potentials, whereas the liquid-liquid interactions were calculated by adding the corresponding Coulomb term in the potential function. For our purpose, the interatomic interactions in graphene were taken into account by using harmonic force fields within the OPLS prescription. ͑See Ref. 29 .͒
The number of liquid molecules in each one of the XGY systems is given in Ref. 29 . We have employed the isobaricisothermal ͑NPT͒ ensemble with P = 1 bar and T = 298 K to obtain appropriate densities of these systems. In order to compare the ensemble effects we ran a canonic ͑NVT͒ ensemble for the WGW system by using the equilibrated cell at NPT as input. Also, the impact of high pressures ͑1 to 10 kbar͒ was investigated for WGW ͑see Ref. 29͒. All these systems were equilibrated for at least 1.0 ns and the final configurations were stored after 3.0 ns equilibration processes. The dynamic properties of our systems are properly described by considering the mean square displacement ͑MSD͒ ͑see Ref. 29͒.
III. RESULTS AND DISCUSSION
Our main concern here is to understand the interfacial properties of polar and nonpolar liquids when they are separated by only a monoatomic carbon layer. Additionally, we are interested in realize how these liquid phases interact with each other through the membrane. A potential experiment could be performed for this purpose with the development of large-area, single layer graphene sheets and with the use of capillary tubes. 1, 6, 37, 38 We note that this could be useful to provide a way of measuring the interfacial width directly from the density profiles of each liquid phase, as well as evaluating the impact of intermolecular interactions between different media separated by a truly 2D membrane. Using different combinations of the liquids, we have obtained diverse wettability patterns of the graphene membrane. Snapshots of each of the systems are displayed in Fig. 1 as obtained from NPT ensembles. 
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Before examining the dynamic and structural properties of the XGY systems, let us briefly discuss the ensemble effects in the WGW density profile ͑see Ref. 29͒ . We noted that the oscillations in the density near the graphene surface are much more pronounced at the NVT than at the NPT ensemble. Also, the variation in the box dimensions at NPT allows a greater mobility for the molecules arranging themselves near the surface in comparison with NVT. Interfacial layering is clear in the first three water layers of both ensembles, although at NVT the density in the first layer increases about three times compared to the bulk density ͑from 1 ϫ 10 3 to ϳ3 ϫ 10 3 kg m −3 ͒. In the NPT case the density of the first layer increases two times compared to the bulk density, going from 1 ϫ 10 3 to 2 ϫ 10 3 kg m −3 . Additionally, we observed a significant difference in the width of the peak related to graphene, which is wider for the density obtained with the NPT simulation. This broadening is mainly associated with the flexibility of the sheet, leading to a relative reduction in the water density near the graphene surface in the NPT ensemble. Overall, this analysis shows that the density profile is strongly dependent on the ensemble and that an appropriate description of a more realistic graphene membrane 39, 40 separating liquid phases should be obtained at NPT.
To examine the translational motion of the molecules along the graphene sheet, we have computed the lateral MSD averaging over the center-of-mass of the molecules in XGY ͑see Ref. 29͒. As a sensitive measure of the effect of the local environment of the liquid molecules in the graphene layers, we have also computed the velocity autocorrelation function ͑VACF͒ perpendicular to the membrane surface. Thus, we examine the normal displacement effects related to the graphene sheet. Calculated diffusion constants from MSD and VACF are given in Ref. 29 . Here, we have considered the motion of the liquid phases perpendicular and parallel to the graphene surface using the MSD. Although the motion at long time maintains the linear diffusive regime, there are appreciable differences in the lateral diffusion calculated for the distinct planes. Recently, a MD simulation study of nanoscale water film on graphene has revealed a fast diffusion of water near the surface. 39 Our calculated lateral diffusion coefficients for the XGY systems are shown in Table I , and we have observed that the parallel diffusion is faster than its perpendicular counterpart. This can be understood through the structuring of the liquids along the z direction, that present free-standing solvation layers. As we shall see later, there are other factors concurring for the behavior of the liquids near the graphene surface.
With respect to the WGW system, we noted a faster diffusion of liquid water when acetonitrile was introduced at the other side of graphene, and a slower diffusion when benzene was considered at the other side. For the three types of liquid, we have observed significant changes in the lateral diffusion coefficients as a function of the liquid placed on the other side of the graphene sheet. Thus, in the case of water we have calculated values of 9.26ϫ 10 −5 cm 2 s −1 in AGW and 6.59ϫ 10 −5 cm 2 s −1 in BGW for the parallel lateral diffusion constants. These changes can indicate a possible environment effect through the graphene membrane. It is important to note that, when we fix X in the XGY systems and let Y change on the other side of the surface, the systems are kept in the same thermodynamic conditions, with the only difference being their compositions. Thus, the changes in the diffusivity at one side of the box are consequence of the type of liquid at the other.
The liquid structuring and the interactions through the graphene membrane can be realized by a careful investigation of the density profiles displayed in Fig. 2 . First, we have analyzed the XGX systems, where strong oscillations were observed for the three systems ͑WGW, AGA, and BGB͒. In all these systems the membrane is located in the mid-plane ͑at z =0 nm͒. The structural behavior of the water molecules along the z axis in WGW reveals that they exhibit bulk properties beyond 1.2 nm from the graphene sheet, leading to a thin interfacial region with thickness of ϳ2.4 nm. It is also interesting to note that the wetting behavior in WGW is opposite of that expected for water near large nonpolar solutes. In the latter case, the water density at contact gradually decreases by increasing the solute size, and the interfacial density profile is broadened by capillary waves. 10 Although the graphene membrane is nonpolar, the extent of water densification in the first hydration layer is comparable to results obtained near polar hydrophilic surfaces. 16 In this sense, a graphene sheet cannot be considered as a hypothetical hydrophobic surface where a water density depletion relative to the bulk is expected near the surface. 18, 41 On the contrary, our simulations show that the water density profile near graphene is comparable to that near bare graphite, 20 and is more structured as compared to the density profile of the waterdiamond interface. 42 For the AGA system we can observe structuring effects of acetonitrile up to 1.6 nm, which leads to a wide interfacial region with thickness of ϳ3.2 nm. The largest interfacial region ͑ϳ5 nm͒ was calculated for BGB, where the structuring exceeds 2.5 nm and five layers are evident. There are previous MD simulations of benzene on graphite [43] [44] [45] employing stationary potential walls to represent the graphite substrate. As noted in Ref. 44 , benzene is well structured near graphite presenting five peaks in density profile but loosing the short-range order at the temperature around 240 K. In fact, these models are very efficient to reduce the number of nonbonded interactions terms in very large scale simulations; however, they lose important atomic details of the surface. In our simulations, we have considered an all-atom model 36 for describing the benzene molecules. In this case, the partial charges on each molecule are important to account for the short-range ordering effects in the liquid, although benzene is a nonpolar liquid. Moreover, the graphene substrate is explicitly included in our dynamics, and its carbon atoms interact via LJ potential with the molecules of the liquid phases. Thus, at ambient conditions, we have obtained very structured patterns near the surface for the BGY systems. This structural analysis is confirmed by the highly intense peaks observed near graphene in the BGW and BGA systems, as shown in Fig. 2 . In the same way, the acetonitrile molecules ͑described with a six-site model 35 ͒ on the graphene surface are more closely packed. Therefore, benzene and acetonitrile can form long-ranged structured systems when separated by a graphene membrane under ambient conditions. These results can lead to important implications for the crystallization of molecules near a flat solid surface; for example a rapid crystal growing induced by one atom thick membrane. Interestingly, the excluded molecules near graphene lead to packing effects in the closest layers and avoid capillary-wave effects in the liquidgraphene interface. 10 In particular, in the case of WGW, we found that water molecules are excluded from a small region with thickness of ϳ0.2 nm, with the density rising sharply outside this excluded volume and the first peak extending up to 0.35 nm. Now, by considering the substitution of water at one side of the WGW box for benzene, to form the BGW system, only small changes are produced in the wetting behavior of the aqueous environment near the graphene surface. A similar pattern is obtained if we include acetonitrile instead of benzene, forming the AGW system ͑see Ref. 29͒. As we will discuss later, this is a consequence of the small dispersion interactions of these liquids with water through the membrane. Still considering the density profile, we have obtained slight changes in the heights of the density peaks for the cases of BGW and AGW compared to BGB and AGA, respectively. This effect is, however, more pronounced in the BGA system, forming a very large interfacial region ͑larger than ϳ4 nm͒. It is also worth to mention here that in the case of BGW and BGA, the liquid ͑water or acetonitrile͒ in one side of the membrane alters more significantly the wettability of benzene on the other side. We have obtained an increment of ϳ100 kg/ m 3 in the first layer of benzene by changing water for acetonitrile on the other side. Also, comparing AGW and BGA, we noted that benzene and water influence differently the wettability of acetonitrile.
As important as the mass density profile, the charge density distribution of the separated liquids indicates the orientation tendencies for the media near the membrane. In Fig. 3 , we plot the charge density distribution of the XGY systems along the z-coordinate. All these systems exhibit positive peaks near the graphene surface, indicating the presence of some interfacial hydrogen atoms. This is particularly inter-FIG. 2. Mass density distribution computed for the XGY systems under ambient conditions. The density of the fluid phase from the graphene membrane varies considerably along the z direction. In the case of organic liquids the dense region is larger.
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Fileti, Dalpian, and Rivelino J. Appl. Phys. 108, 113527 ͑2010͒ esting in the case of the BGY systems, where the benzene molecules show a preference to be bent with respect the surface. As expected for high temperatures, the interfacial benzene molecules present an angular distribution 44 with the orientation of the molecules less flat to the surface. This is evident when we analyze the atomic charges profile of benzene in the direction perpendicular to the graphene surface. We have obtained the first peak of BGB starting at +3 ͉e͉ / nm 3 around 0.27 nm to the surface. The intensity of the second peak is reduced to half at 0.65 nm and third peak is only +0.8 ͉e͉ / nm 3 at 1 nm from the surface. Beyond this range we noted more two small peaks extending up to 2 nm, indicating a loss of structuring of the benzene molecules in the bulk.
In all the XGY systems the highest peaks were observed in the XGW systems. For WGW, we noted the first peak ͑with +4.6 ͉e͉ / nm 3 at 0.27 nm͒ in the region from which water molecules are excluded, which decreases sharply to around Ϫ9 ͉e͉ / nm 3 at 0.37 nm from the surface. These findings are consistent with the preference for some interfacial water molecules to be oriented with an OH bond pointing toward the graphene surface. 28 Also, ab initio calculations have indicated that orientations with one OH bond parallel and the other one pointing to the graphene surface are energetically more favorable. 46 A similar feature was noted when we analyzed the AGW box, with the first peak slightly reduced to approximately +4 ͉e͉ / nm 3 in BGW. On the other hand, in the case of acetonitrile we noted an appreciable interphase effect on the distribution of the acetonitrile charge density. For example, in AGW the first peak is less intense ͑+3.4 ͉e͉ / nm 3 ͒ than in BGA ͑+2.7 ͉e͉ / nm 3 ͒, which indicates a stronger influence of benzene than water on the other side of the membrane. In fact, in our approach these effects are described only considering an average influence of graphene, provided by the dispersion interactions. In a more realistic model, possible screening effects could affect the interactions between fluids separated by the graphene sheet.
A deeper analysis of the average orientation of the interfacial molecules was also performed by calculating their angular distribution as shown in Fig. 4 . In the cases of water and acetonitrile, we have used the angle ͑͒ between the molecular dipole moment and the graphene surface normal, whereas for benzene this angle was calculated with respect to the aromatic ring normal. Here it is important to note that the surface normal vector is defined as pointing toward each liq- FIG. 3 . Charge density distribution computed for the XGY systems under ambient conditions. In all these systems we have employed appropriate charged potential models.
FIG. 4.
͑Color online͒ Orientational distribution of the molecules with respect to the surface normal of the graphene sheet. The average orientations of water, acetonitrile, and benzene are shown on the top, middle, and bottom panels, respectively. For the polar systems the mean of cos was calculated, whereas for benzene the mean of ͑3 cos 2 −1͒ was calculated.
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As displayed on the top panel, the water molecules do not exhibit a well organized distribution near the surface under ambient conditions. We have only observed a small peak at 0.25 nm in the XGW systems. On the middle panel we show the orientation of the acetonitrile molecules in the different systems. In this case, we noted that the average dipole moments are distributed around 66°in the first layer near graphene. This is also consistent with our analysis of the charge distribution profiles for acetonitrile ͑Fig. 2͒. Finally, for the benzene molecules, the orientational distribution in the BGY systems indicate that some molecules are forming an angle around 63°with respect to the surface. As we have mentioned before, flat configurations of benzene molecules are not expected under ambient conditions. Also, as observed recently 47 adsorbed benzene on the silica surface reveal a strong layering that decays with the distance from the substrate.
The structural and electrostatic analyses presented here are in line with the calculated interaction energies of the liquid with graphene. In Table II , we give the calculated interaction energies of all these liquid phases with the graphene surface and between them. As can be seen, the water-graphene interaction slightly decreases in the following order: BGW ͑Ϫ1698 kJ/mol͒, AGW ͑Ϫ1666 kJ/mol͒, and WGW ͑Ϫ1643 kJ/mol͒. On the other hand, the benzenegraphene interaction is Ϫ2520 kJ/mol in BGB, Ϫ2496 kJ/ mol in BGA and Ϫ2480 kJ/mol in BGW. In the case of acetonitrile, its interaction with graphene decreases in the order BGA to AGA to AGW. Indeed, we noted that the liquid-graphene interaction for a reference liquid always increases in the same order: W Ͻ A Ͻ B in all these systems. More interestingly, the same trends are noted comparing the liquid-liquid interactions through the membrane ͑see Table  II͒. This analysis is consistent with our atomistic models and physically acceptable since the dispersion interactions are expected to be increasing from water to benzene. Moreover, these findings reinforce the proposal that a liquid at one side of the graphene surface can directly influence the structural properties of another liquid in the other side. Also, these interphase effects seems to be in agreement with recent ab initio calculations 9 for water adsorption in suspended graphene. Thus, we expect that some properties can be significantly modified by simply interchanging the grapheneseparated liquid phase. In particular, future implementations for the interfacial excess free energy calculations 48 of these solid-liquid interfaces could be useful to elucidate the thermodynamics of the interfacial region, which consists of a single graphene sheet surrounded by liquids with different polarities.
IV. CONCLUDING REMARKS
We have reported a computational analysis of the dynamic, structural, and electrostatic properties of liquids with different polarities, separated by a graphene membrane. These properties have been obtained via extensive classical MD simulations. The reliability of our results is supported by the use of appropriate atomistic potential models for the liquid-liquid and liquid-graphene interactions. Moreover, we have employed a proper ensemble ͑NPT͒ containing thousands of molecules, and including explicitly the dynamics of the graphene sheet, which might be essential for producing accurate results for the studied systems. We have focused on the structures of water, acetonitrile, and benzene when they are separated by a single graphene sheet at ambient conditions. Our simulations consistently showed strong density oscillations and an asymmetric wetting behavior for different combinations of liquids near the separation surface. We found that the interfacial behavior can be induced by interactions of the liquids with the carbon atoms, as well as with the liquid placed on the other side of the membrane.
In the case of the aqueous system, the structuring of water near the graphene surface is extremely local, forming a thin interfacial region under atmospheric pressure but extending to larger regions under high pressures. Also, the microscopic structure of the water layers in WGW was less altered by changing the type of liquid at one of the sides of the box. In the case of benzene and acetonitrile, the interfacial densification is broadened by very strong dispersion forces with graphene. Different from the water behavior, the organic liquids appear to be more sensitive to the type of liquid placed at the other side of the membrane. This study have pointed out that it is possible to realize the microscopic structure of different liquids separated by a graphene membrane. For example, we noted that the liquid-graphene interaction for a reference liquid at one side of the XGY box increases in the order W Ͻ A Ͻ B in all these systems. Additionally, we expect that, with the rapid advances in the synthesis of macroscopic graphene membrane, this study can be useful to understand interfacial problems of liquids separated by a truly 2D membrane at ambient conditions.
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